Background: Current management of lung nodules is complicated by nontherapeutic resections and missed chances for cure. We hypothesized that a serum proteomic signature may add diagnostic information beyond that provided by combined clinical and radiographic data.
Introduction
For more than 50 years lung cancer has been a leading cause of cancer-related death in the United States. In 2010 222,520 Americans were predicted to be diagnosed with lung cancer and roughly 157,300 to have succumbed to the disease (1) . The national lung cancer screening trial showed a 20% lung cancer-specific mortality benefit in patients screened by low-dose computed tomography (CT; ref. 2) . CT screening is thought to result in 3 times as many curative-intent interventions for early-stage lung cancers, but up to a 10-fold increase in surgical resection of these lung nodules is predicted. Therefore, a more accurate noninvasive diagnosis of lung nodules is urgently needed.
The diagnosis of lung cancer suffers from the lack of accurate, noninvasive diagnostic tests. Low-dose chest CT screening is very sensitive at detecting lung nodules of small size, many of which are benign (3, 4) . To avoid missing a potentially curable lung cancer, the current management protocols for these lung nodules lead to unnecessary diagnostic procedures, an expensive follow-up, and related stress. When removed surgically, 10% to 30% of the lesions carry a benign diagnosis; often in the setting of other comorbidities and even rarely resulting in procedure-related mortality (5, 6) . A 5-year prospective cohort of 1,520 patients with a smoking history and at least 50 years of age were found to have a 96% false positive rate (noncalcified lung nodules proven benign by means of observation or surgery; ref. 7) , highlighting the lack of specificity commonly seen when just imaging modalities are applied to a high-risk population.
The high rate of nontherapeutic resections and the missed chances for cure from lung cancer are explained by the imperfect noninvasive diagnostic capabilities (8, 9) . Age and gender have limited diagnostic value to detect lung cancer. Chest CT, although very sensitive, is not specific enough for classification of indeterminate pulmonary nodules as lung cancers.
A noninvasive diagnostic model for lung cancer developed by the Mayo group found age, smoking status, cancer history, nodule diameter, presence of spiculation, and nodule location to have an area under the receiver operating characteristic curve (AUC) of 0.83 to diagnosis lung cancer (10) . A similar model developed by a VA cooperative group to discriminate lung cancer from benign lung nodules found age, smoking history, nodule diameter, and time since quitting smoking to have an AUC of 0.78 (11) . Both of these models have been externally validated and shown to have similar diagnostic accuracy (12) . These models already suggest that a multimodality approach is necessary to more accurately predict lung cancer in patients with pulmonary nodules. FDG-PET is usually not recommended for subcentimeter lesions because the metabolic activity of these lesions varies greatly and the scan lacks diagnostic specificity (13) . Therefore, an additional noninvasive test to complement the existing modalities to improve the detection of lung cancer in patients with a lung nodule is needed to reduce the number of unnecessary referrals for invasive procedures.
We previously showed that a serum proteomic signature of 7 peaks using matrix-assisted laser desorption ionization mass spectrometry (MALDI MS) distinguished subjects with lung cancer from age, gender, and smoking history matched controls (14) , with an overall accuracy of 0.73, after introducing a specific threshold yielding a sensitivity of 58% and specificity of 86%. After this phase one diagnostic case-control study, subsequent studies in consecutive patients selected on the presence of CT detected lung nodules are needed to quantify whether this new test adds discriminative accuracy beyond existing risk factors of clinical and imaging data (15) (16) (17) (18) (19) . Hence, this study seeks to validate this serum proteomic signature and measure how much diagnostic value it adds to the combined clinical and chest CT data for the noninvasive diagnosis of patients presenting for the evaluation of a lung nodule following the PRoBE study design (20) in 2 cohorts of patients from different institutions presenting for the evaluation of lung nodules.
Patients and Methods

Study subjects
The study population included 2 cohorts of prospectively collected patients presenting with one or more lung nodules discovered by chest CT (N ¼ 379). The first, cohort A, combined patients from Vanderbilt University and the Veterans Affairs Medical Center, Nashville, TN and the second, cohort B, included patients from the Mayo clinic, Rochester, MN. None of the subjects were enrolled in a lung cancer screening trial. Both cohorts included patients presenting to the doctors' office for the evaluation of lung nodule(s) on chest CT. Lung nodules were defined as rounded solid lung lesions surrounded by pulmonary parenchyma. Obtaining nodules from 2 distinct parts of the country was built in the study with the hope that we could further generalize our findings. Both cohorts were used separately to validate the diagnostic usefulness of the MALDI signature. Blood was collected from patients before any diagnostic or therapeutic intervention under separate standard operating procedures. In cohort A, 265 patients entered the study, we had to exclude 57 patients because either we were unable to obtain MALDI profiles (n ¼ 46, hemolyzed samples) or some other index tests were not available (n ¼ 11). In cohort B, 114 patients were enrolled. Shape of the nodule was available for 90 samples. Twenty-eight of these 90 patients were excluded because of missing smoking data (n ¼ 5) or because we could not obtain MALDI profiles (n ¼ 23), Supplementary Fig. S1 . The study was approved by the local Institutional Review Boards of the Vanderbilt University, the Nashville Veterans Affairs Medical Center and the Mayo Clinic in Rochester, MN, and all patients provided informed consent.
Index tests
The index tests (19) included the novel serum proteomic signature as well as preset variables known to be associated with the diagnosis of lung cancer, specifically, age, pack-years of smoking history, chest CT nodule size, and shape.
Clinical and laboratory data. Detailed questionnaire data generated from personal interview were available on all study subjects, including demographic characteristics and smoking history. For cohort A, laboratory data elements included complete blood count, lactate dehydrogenase, alkaline phosphatase, total protein, albumin, creatinine and calcium and were obtained from the patient's medical record. Most of these patients also had pulmonary function tests available at the time of the identification of the nodule. Both the FEV 1 and DLCO were recorded. For cohort B, only demographic characteristics, smoking history, and c-reactive protein (CRP) were available.
Chest CT data. Chest CT images of 379 patients (cohorts AþB) with a known solid pulmonary nodule were reviewed and characterized according to size and shape. Nodule size was determined by averaging the largest cross-sectional diameter of the nodule with the largest diameter perpendicular to this measurement. When taking the perpendicular measurement of a lobulated lesion, the outermost margins on either side were considered. If the nodule was in the pulmonary parenchyma, lung windows were used (21) . If it involved the mediastinum, measurements with lung and mediastinal windows were used and the average was taken. Careful consideration was taken to classify the lesion as either smooth, lobulated, or spiculated. A lesion was determined to be smooth if its margins were well circumscribed and either round or ovoid. Lobulated lesions consisted of nodules that had undulations and a more amorphous appearance than smooth nodules. Spiculation, or corona radiata, was used to assess the presence of fibrosis around the nodule thought to represent a desmoplastic type reaction. Spiculations were characterized by radial projections from the nodule that were distinct from lung parenchyma or feeding blood vessels. When the nodule involved the mediastinum or perihilar structures, it was regarded as a central lesion, otherwise it was deemed to be a peripheral lesion.
Serum proteomic data. MALDI MS spectrum acquisition and data processing was carried out as previously described (14) . Peripheral blood was collected without additive, incubated at room temperature for 60 minutes, and centrifuged. Serum was aliquoted and stored within 4 hours at À80 C until analysis. Thawed serum samples were diluted 1:10 in water. One microliter of matrix solution (sinapinic acid in acetonitrile/water 50:50 v/v containing 0.1% trifluoroacetic acid) was mixed with 1 microliter of diluted serum and directly spotted in triplicate onto a gold-coated stainless steel MALDI target plate (PE Biosystems). Spectra were acquired with a Voyager-Elite MALDI mass spectrometer (Applied Biosystems). Spectra were generated in the mass-to-charge (m/z) range of 3,000 to 20,000. Internal calibration was carried out using the hemoglobin b
The data preprocessing consisted of internal calibration, smoothing, baseline correction, normalization to the total ion current, feature selection with a signal-to-noise ratio, and binning of features. The processing resulted in 120 m/z peaks per spectrum on average. A total of 162 bins from m/z ratios of 3,000 to 20,000 were selected. In addition, 75 bins reached S/ N !3 from which 5 peaks related to hemoglobin were removed from the analysis. The 70 remaining peaks were used for statistical analysis.
Reference test (outcome)
The reference test was the histology of the material of the lung biopsy to determine the presence or absence of lung cancer, that is, the outcome of this study. All patients without a diagnosis of lung cancer on pathology were followed up for 12 months after discovery nodule; none were found to have lung cancer. The nodule imaging protocol followed current clinical guidelines for the management of pulmonary nodules (22) .
Statistical analysis
To assess the primary hypothesis that the protein signature improves the diagnostic accuracy when adding to clinical, laboratory, and imaging results, we carried out the statistical analysis in 3 steps. Step 2, for each of these 7 features, we calculated their individual feature score using the feature's mass spectral intensity multiplied by the summation of 4 test statistics obtained in the first step.
Step 3, we provided a MALDI MS score for each patient by calculating a weighted average of the 7 individual feature score. In this application, we set an equal weight for each feature, which made the final MALDI MS score a mean value of the total individual feature score. Thus, the 7 features were prespecified (a priori) based on previously published study (14) , without a selection/screening process involving the current data. The tests statistics used as coefficients to build the MALDI MS score were also "carried over" from the published study, not from any statistical test involving the current data. The tests statistics carried over are provided in the Supplementary Table S1 .
Second, we used multivariable logistic regression modeling techniques to quantify the added diagnostic value of the MALDI score beyond the preset accepted variables of risk for lung cancer: age, pack-years of smoking history (clinical variables), and chest CT nodule size and shape (imaging variables). The difference in diagnostic performance between the model, including the clinical (age and pack-years history of smoking) and CT test results (nodule size and shape) and the model after being extended with the MALDI score, was assessed by the AUC and the integrated discrimination improvement (IDI) test (24) .
Third, to obtain a bias-corrected estimate of the multivariable logistic model's diagnostic accuracy and assess the added value of the MALDI MS score in a new cohort from the same patient population, we applied the bootstrapping method for internal validation (25, 26) .
Standard bootstrap resampling technique applies the model on 1,000 bootstrap samples and calculates the original index, that is, c-index/AUC (area under the receiver operating characteristic) with 95% confidence interval (CI) and the bias-corrected c-index (25) . The results involving c-index/AUC reported in the text and figures are all bias-corrected results after bootstrapping method were applied.
Missing data are dealt with in a uniform fashion. There are no multiple imputations missing data analysis results reported because we have attempted these methods and result in similar data. It is reasonable to assume that the missing data in our study is very close to missing completely at random, as the missing mechanism is unrelated to any parameters we are interested in and is independent to any inference we wish to draw.
Results
Patient characteristics:
The clinical variables of the 2 cohorts are summarized in Table 1 and Supplementary Fig. S2 ).
Diagnostic accuracy of the MALDI test. In cohort A
(n ¼ 208 patients), the AUC of the MALDI score was 0.64 (95% CI: 0.58-0.71) (Fig. 1A) . In cohort B (n ¼ 62 patients) the AUC was 0.64 (95% CI: 0.52-0.75) (Fig. 1B) .
Diagnostic accuracy of the clinical and Chest CT results:
In cohort A, adding chest CT imaging variables (size and shape) to the clinical results increased the AUC significantly from 0.68 (95% CI: 0.61-0.74) to 0.86 (95% CI: 0.81-0.91; Fig. 1A ). In cohort B, the AUC improved from 0.46 (95% CI: 0.33-0.58) with clinical data alone to 0.61 (95% CI: 0.49-0.74) when combined with chest CT imaging data (Fig. 1B) . In both cohorts, CRP and/or Hgb blood levels had no incremental diagnostic value when added to the model including clinical and chest CT data. 4. Added value of the proteomic serum signature: Adding the proteomic signature score to the clinical and chest CT data did not change the AUC 0.86 (95% CI: 0.81-0.91) in cohort A (Fig. 1A) . The AUC increased from 0.61 to 0.69 (95% CI: 0.57-0.80) in cohort B with its smaller nodules (Fig. 1B) . The IDI also showed a significant improvement of 20% in cohort B (P ¼ 0.0003), whereas in cohort A the improvement was 2.7% (P ¼ 0.006). 5. Role of the MALDI score in indeterminate pulmonary nodules: The clinical impact of our diagnostic signature for lung cancer would be greatest if it were able to discriminate lung cancer from other indeterminate nodules (5-20 mm in diameter). Because the proteomic serum signature was only additive in the cohort with smaller nodules (cohort B), we carried out a sensitivity analysis to confirm these findings in a larger cohort of pooled indeterminate nodules between cohorts A and B. A total of 100 patients from both cohorts with indeterminate nodules (Supplementary Table S4) were fully evaluated separately. Fifty-one individuals were diagnosed with lung cancer and 49 without lung cancer after 1 year follow-up. The characteristics of this group are reported in Table 2 . AUC curve analysis showed an area under the curve of 0.57 for clinical data alone, 0.67 when imaging data were added, and 0.72 when also including the MALDI MS signature (Fig. 2) . The IDI revealed an improvement of 15% (P < 0.0001) in this subgroup.
Discussion
This study achieves 2 main goals. First, it validates in 2 independent cohorts the performance of a previously published serum proteomic signature derived from a casecontrol study and tested in a relevant clinical context of individuals presenting for the evaluation of a newly discovered lung nodule. Second and more importantly, it addresses the biomarker's added value to that of clinical and chest CT imaging results used in current clinical practice.
The search for noninvasive diagnostic biomarkers in lung cancer has led to a large body of work that strives to find a molecular signature robust enough to deserve further validation. Many of these signatures tested in a case-control study design report an overall prediction of lung cancer diagnostic accuracy of 70% to 80%. Very few of these studies address the noninvasive diagnosis of lung cancer in individuals presenting with lung nodules. It is exactly in this population, however, that the addition of a noninvasive biomarker to the existing diagnostic modalities may have the largest clinical significance. The VA cooperative group and Mayo clinic models report clearly that the most useful clinical and imaging variables were found to be age, pack-years of smoking, and nodule size and shape. Therefore, we decided in this study to evaluate the added value of our proteomic signature to the one of these preset variables available at the time of evaluation.
We proceeded by showing first that the MALDI MS signature provided a noninvasive diagnostic accuracy of lung cancer similar to the one of epidemiologic information or better accuracy when considering smaller nodules (Fig. 1A and B) . Second, we confirmed the power of the clinical and the chest CT imaging data in predicting lung cancer. This is particularly true for chest CT, and not surprisingly so, in larger lesions. Finally, we showed that the proteomic signature provided added value to the clinical and CT data when considering indeterminate nodules as shown in cohort B and shown by the significant integration-discrimination improvement analysis. Whether the added value is clinically meaningful remains to be tested and will be considered in future studies.
We then sought to confirm this improvement in classification of indeterminate nodules provided by the proteomic profile. To this aim, we selected from cohorts A and B nodules between 5 and 20 mm in diameter. In this population, the proteomic signature increased the prediction accuracy from 0.67 to 0.72 and a significant IDI of 15%. (27) These observations suggest that the additive value of our proteomic signature is most likely to be in predicting the diagnosis of lung cancer when the lung nodule is indeterminate, not spiculated, and in patients with lower packyears of smoking. The serum biomarker did not add meaningful diagnostic value in cohort A, however. As we had anticipated in our diagnostic model, as the lung nodule size increases, the proteomic signature loses its added value ( Supplementary  Fig. S3 ). This is mainly due to the increase in diagnostic accuracy of the chest CT with larger nodules. We therefore speculate that the difference in size of nodules between the cohorts is playing a major role in determining the added value of the biomarker to the clinical and imaging variables. Other factors such as differences in smoking history and regional differences (Minnesota vs. Tennessee) may also explain in part this observation. In addition, our model does not take into account that some individuals without lung cancer may still develop disease beyond our observed 1 year follow-up.
A few studies have recently incorporated biomarkers into a radiographic model with improved accuracy. A group of investigators found CRP and CEA levels to improve a multivariable regression model when including presence or absence of calcification, spiculation, and a visible bronchus leading to the nodule. When validated prospectively, the model had a predictive accuracy of 84% (27) but did not integrate variables such as nodule size, age, or smoking history of the individuals. Another group combined an 80-gene microarray biomarker of bronchial epithelium with age, mass size, and lymphadenopathy and achieved an AUC of 0.94 (28) . However, the need for bronchoscopy makes this approach less generalizable because of the more invasive nature of the test.
In summary, we determined that traditional test results (age, smoking history, and nodule size and shape) in combination with a novel biomarker can more accurately classify individuals with lung nodule into disease categories (cancer vs. no cancer) of potential clinical relevance. This serum proteomic biomarker adds diagnostic information to established, standard clinical, and chest CT imaging data in the evaluation of smaller nodules. Our group and others have shown MALDI MS is simple, rapid, and reproducible across laboratories (14, 29, 30) . To our knowledge, this study presents for the first time the additive value of a serum proteomic signature to combined clinical and imaging data for patients with pulmonary nodules. This integrated noninvasive approach to the evaluation of lung nodules deserves further prospective validation among a larger cohort of patients presenting with indeterminate pulmonary nodules in the context of a screening strategy. If proven useful, this multimodality approach may lead to a reduction in futile thoracotomies and missed chances for cure. 
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